such as Escherichia coli. Optimized recombinant technologies facilitate purification, the study of proteins in isolation, the conception of a platform to modify and improve them, and the development of new applications. In the case of PhaZs, such applications include biosensors-such as time-temperature indicators (Anbukarasu et al., 2017) and pathogen detection platforms -and recycling of biodegradable polymers (Lee et al., 2018) .
Examples of expression of rPhaZs in E. coli include PhaZ2-PhaZ3 (Briese, Schmidt, & Jendrossek, 1994) and PhaZ7 (although for this specific PhaZ better expression was achieved with in Bacillus subtilis WB800) (Braaz, Handrick, & Jendrossek, 2003) from Paucimonas lemoignei and PhaZ from Caldimonas manganoxidans (Takeda et al., 2000; Lee et al., 2018) . In some cases, purification of rPhaZs has also been performed: several PhaZs from P. lemoignei (PhaZ1-PhaZ5 (Jendrossek, Frisse, et al., 1995; Jendrossek, Müller, & Schlegel, 1993) , PhaZ7 and related mutants (Jendrossek, Hermawan, Subedi, & Papageorgiou, 2013) ), Pseudomonas stuzeri (Ohura, Kasuya, & Doi, 1999) , Alcaligenes faecalis AE122 (Kita et al., 1997) , Marinobacter sp.
NK-1 (Kasuya et al., 2003) , Bacillus megaterium N18-25-9 (Takaku, Kimoto, Kodaira, Nashimoto, & Takagi, 2006) , Pseudomonas TA B L E 1 Bacterial strains, conditions, and primers. Growth conditions and information of (a) PhaZ-producing strains and (b) cloning and expression strains; (c) rPhaZs primers mendocina DSWY0601 (Wang et al., 2012) , and from Cupriavidus sp. T1 (formerly Alcaligenes faecalis T1 (Oshida, Kitamura, Iida, & Ohkuma, 2015; JCM n.d.) ) and related mutants (Hiraishi, Hirahara, Doi, Maeda, & Taguchi, 2006; Hiraishi et al., 2009; Saito et al., 1989; Tan, Hiraishi, Sudesh, & Maeda, 2013 . However, these studies each required the development of specific methods for heterologous expression of specific PhaZs. In addition, in many cases affinity tags were not employed, requiring significant additional steps for purification (Hiraishi et al., 2006 (Hiraishi et al., , 2009 Jendrossek, Frisse, et al., 1995; Jendrossek et al., 1993; Kita et al., 1997; Saito et al., 1989) . These factors impede on the rapidity and scope of studies, even limiting comparisons between PhaZs.
In this study, we established a platform for the rapid expression and purification of extracellular rPhaZs. This was demonstrated with five extracellular PhaZs displaying different properties and of various bacterial origins. Predicted solubility and disulfide bonds (necessary for maintaining proper conformation and activity in many proteins (Rosano & Ceccarelli, 2014) ) of the rPhaZs produced were important criteria in selecting the E. coli system, specifically the plasmid vector and expression strains. Although E. coli is not recognized as an ideal expression host for the production of extracellular proteins, specific E. coli strains, such as E. coli Rosetta-gami B(DE3), can have clear advantages for the production of rPhaZ. A single platform with simple strategies was successfully employed for expression, purification, and preliminary comparison of degradation performance under different conditions.
| MATERIAL S AND ME THODS

| Bacterial strains and growth conditions
The bacterial strains used for isolation of the PhaZs, cloning and expression, as well as their growth medium and conditions, can be found in Table 1 . Cell growth was monitored by measuring optical density of the cultures at 600 nm (OD 600 ) using a UV-Vis spectrophotometer (Biochrom, Ultrospec 50). Plating was performed on 1.5% w/v agar supplemented with the medium of interest and plates were incubated in a temperature-controlled incubator (Isotemp 500
Series, Fisher Scientific).
| PhaZ constructs
Genomic DNA was extracted from the PhaZ-producing strains (RNA/ DNA purification kit, Norgen Biotek for C. testosteroni, and GeneJET Genomic DNA Purification Kit, ThermoFisher Scientific for other strains). Inserts were obtained by amplifications of the mature phaZ genes (without signal peptides)-with primers (5′ to 3′ direction, 
| Induction screening and His-tag verification
Starter cultures from single colonies of E. coli or T7 Express lysY/I q E. coli containing the constructs were grown in 5 ml LB with corresponding antibiotics (Table 1b) (for PhaZ Cte and PhaZ Mal incubations at 37°C for 2 or 4 hr were also tested). After incubation, 2 ml of induced cultures were centrifuged (10,000 g and 4°C for 10 min) and the pellets were placed at −20°C.
B-PER II Bacterial Protein Extraction Reagent (2×) (ThermoFisher Scientific), supplemented with lysozyme (1 mg/ml, Sigma-Aldrich) and DNAse I (5 units/ml, ThermoFisher Scientific), was used to obtain soluble fractions (SF) (150 µl/pellet), followed by centrifugation at 21,130 ×g and 4°C for 30 min. The same procedure was performed with cells carrying empty pET-22b(+) vector and with samples before induction.
SF and insoluble fractions (IF) were then characterized by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis, based on the methods described by Laemmli (Laemmli, 1970) .
Briefly, 2× Laemmli sample buffer (Bio-Rad) was added to samples and boiled at 100°C for 10 min. Loading volumes in the gel were normalized according to OD 600 of the samples. A Broad-Range protein standard ladder (6.5-210 kD) (Bio-Rad) was used as reference. 
| PHB plate rPhaZs activity comparison
PHB degradation assays that are easy to perform and that require with agar (0.016 g/ml)-and 10 ml second layer-mineral medium with agar supplemented with 0.66 ml of sterile PHB suspension). The plates were pierced to produce cylindrical wells for the deposition of samples. Plates were then incubated at 30°C in a temperaturecontrolled incubator (Isotemp 500 Series, Fisher Scientific). PHB degradation was assessed by the presence of halos.
The effects of pH and temperature on degradation of PHB by rPhaZs were investigated. Since the PHB plates had pH 7.00, experiments at pH 4.27 and 5.35 were performed using mineral medium with sodium acetate and acetic acid buffer solutions at the desired pH (both solutions at 0.2 M) (Dawson, Elliott, Elliott, & Jones, 1986 
| RE SULTS AND D ISCUSS I ON
| Selection of expression approach
An E. coli-based recombinant protein production system was selected, based on its relative success to produce rPhaZs (Briese et al., 1994; Jendrossek, Frisse, et al., 1995; Jendrossek et al., 1993; Kasuya et al., 2003; Kita et al., 1997; Ohura et al., 1999; Takaku et al., 2006; Takeda et al., 2000; Wang et al., 2012) (Table 2 ). Since PhaZ Cte was classified as insoluble (predicted solubility score 0.503), and the other PhaZs had scores (0.657-0.765) near the PROSO II threshold for solubility of 0.6, insolubility was considered a potential drawback for production of rPhaZs. To overcome potential insolubility issues, induction was performed overnight at 15°C. In addition, extracellular PhaZs are known to be sensitive to dithiothreitol (DTT), suggesting they likely form disulfide bonds (Jendrossek & Handrick, 2002) ; in fact, the DiANNA 1.1 web server tool predicted several disulfide bonds for the mature PhaZs used in this study (Ferrè & Clote, 2005a ,b, 2006 (Jendrossek, Backhaus, & Andermann, 1995) for PhaZ Cte , (Saito et al., 1989) for PhaZ Csp , and (Shiraki, Shimada, Tatsumichi, & Saito, 1995) for PhaZ Rsp ). This was likely due to variations in the taxonomic strains (Dijkshoorn, Ursing, & Ursing, 2000) since their deposition. 
| Expression and purification of rPhaZs
| Comparison of rPhaZ activity
While PHB plates have been mostly used to screen for PHB-degrading bacteria (Jendrossek, 2005) , activity from expressed PhaZs has also been estimated by clear zones on glass slides covered by PHB-agar mix (Briese et al., 1994; Jendrossek et al., 1993) (this test is limited to short-term incubations due to agar drying-unless a humidity chamber is used for incubation-but is advantageous for preliminary assessment and when only small volumes of sample are available).
In this study, an easy-to-use method using PHB plates was used to compare PhaZ activity at various pH and temperatures and provided semiquantitative assessments of activity based on the diameter of degradation halos formed (Figure 2) . At 37°C, degradation was observed on the first day of incubation for all rPhaZs tested, while longer incubation periods were required at 15°C. PhaZ Mal showed the highest activity at 15°C (halo observed after 1 day) compared with the other rPhaZs (halos observed after 6 days), which could be explained by its marine origin (Green, Bowman, Smith, Gutierrez, & Bolch, 2006) . All enzymes were rendered inactive at pH 4.3 (no halos discernable) but PhaZ Csp and PhaZ Rsp retained significant activity at pH 5.4, which can render these enzymes useful for applications under conditions below neutral or alkaline pH. This is important as most PhaZs identified to date display optimal activity at higher pH and inactivity at low pH. Also, this is consistent with their broad pH working ranges (PhaZ Csp is stable when stored at pH 5.0-8.0 (Kasuya, Inoue, Yamada, & Doi, 1995) with optimum activity at pH 7.5 (Tanio et al., 1982) , and the optimum pH range of PhaZ Rsp is 5.0-6.0 ).
These results could be confirmed and semiquantified by comparing the rate of change of the degradation halos under the different conditions tested (Figure 2 (Hiraishi et al., 2006) .
| CON CLUS IONS
This study presents a streamlined platform for the rapid produc- 
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